Background: Severely disabled children with cerebral palsy (CP) are prone to low trauma fractures, which are associated with reduced bone mineral density. Aims: To determine whether participation in 50% longer periods of standing (in either upright or semiprone standing frames) would lead to an increase in the vertebral and proximal tibial volumetric trabecular bone mineral density (vTBMD) of non-ambulant children with CP. Methods: A heterogeneous group of 26 pre-pubertal children with CP (14 boys, 12 girls; age 4.3-10.8 years) participated in this randomised controlled trial. Subjects were matched into pairs using baseline vertebral vTBMD standard deviation scores. Children within the pairs were randomly allocated to either intervention (50% increase in the regular standing duration) or control (no increase in the regular standing duration) groups. Pre-and post-trial vertebral and proximal tibial vTBMD was measured by quantitative computed tomography (QCT). Results: The median standing duration was 80.5% (9.5-102%) and 140.6% (108.7-152.2%) of the baseline standing duration in the control group and intervention group respectively. The mean vertebral vTBMD in the intervention group showed an increase of 8.16 mg/cm 3 representing a 6% mean increase in vertebral vTBMD. No change was observed in the mean proximal tibial vTBMD. Conclusion: A longer period of standing in non-ambulant children with CP improves vertebral but not proximal tibial vTBMD. Such an intervention might reduce the risk of vertebral fractures but is unlikely to reduce the risk of lower limb fractures in children with CP.
C erebral palsy (CP) is a non-progressive disorder of posture and movement due to an insult to the developing brain. Severely disabled children and adolescents with CP are prone to low trauma fracture, which occur as a result of a trivial injury or during normal activities, for example, dressing and undressing. [1] [2] [3] The strength of a bone is determined by its size, the amount of mineral mass and density within the periosteal envelope, and its architecture. 4 Bones constantly adapt themselves by altering the above parameters in response to mechanical forces applied to them, the largest of which comes from the action of muscles. 4 In adults, bone mineral density (BMD) predicts the risk of osteoporotic fractures in the same way as blood pressure predicts the risk of stroke. 5 For example, in postmenopausal women the risk for hip fracture increases by a factor of 2.6 for each age adjusted standard deviation (SD) decline in the dual energy x ray absorptiometry (DXA) measured BMD of the femoral neck. 6 More recently, a follow up of healthy girls with a previous forearm fracture showed that for every 1SD decrease in total body BMD measured by DXA, the risk of new fracture occurring at any site doubled within four years of the initial fracture. 7 Thus epidemiological data in adults and cohort follow up studies in children support the concept that low BMD is the major factor contributing to an individual's skeletal fragility.
Several studies have shown that non-ambulant children and adults with CP have reduced BMD compared to their ambulant peers. [8] [9] [10] [11] In a previous cross sectional study 12 we reported that the degree of reduction in calcaneal broadband ultrasound attenuation (related to BMD and bone structure) and vertebral volumetric trabecular BMD were associated with the degree of immobility and non-weight bearing of the subjects. Nutritional factors that contribute to low BMD in these children with CP include low intake of calcium due to feeding and swallowing difficulties 13 14 and increased catabolism of vitamin D in those treated with anticonvulsants. 15 16 In addition to causing pain and suffering, fractures further limit the mobility of these children leading to muscle wasting through disuse, hospitalisation, missed school, and further loss of independence.
Standing programmes are routinely used as part of a postural management approach in children with CP. A standing programme refers to the use of adaptive equipment, for example, a standing frame that provides external, adjustable support to facilitate an upright position. Standing in a developmentally appropriate position stimulates the anti-gravity muscles, increasing their strength and endurance, which also facilitates independent standing in some subjects with CP. [17] [18] [19] It has been suggested that weight bearing standing programmes may be useful in maintaining BMD in people with CP. 20 Osteogenic signals from the muscles, combined with loading of the bone due to gravity, are the two possible mechanisms by which standing may stimulate bone formation and prevent bone resorption. However, there is little evidence for the use of standing programmes as a means of maintaining or improving BMD in this population. Furthermore, no guidelines exist for standing children with CP so individual health professionals (usually physiotherapists) are left to decide the frequency, duration, type of standing regimen, and frame, based on their clinical experience.
The aim of this randomised controlled trial (RCT) was to determine whether participation in 50% longer periods of standing (in either upright or semi-prone standing frames) during one school academic year would lead to an increase in vertebral and proximal tibial volumetric trabecular bone mineral density (vTBMD) of non-ambulant children with CP.
PARTICIPANTS AND METHODS

Subjects
The study subjects were recruited from from schools for children with special educational needs in the Greater Manchester area. Non-ambulant CP children were included in the study if they were pre-pubertal, already involved in a standing programme, and able to tolerate an increased standing duration. Exclusion criteria included fracture and immobilising bone or soft tissue release surgery of the lower limbs within 12 months of the start of the trial. Pubertal status of each subject was determined by the grading system of Tanner. 21 The trial was approved by the relevant local ethical committees and the North West Multi-Centre Research Ethics Committee. Informed written consent was obtained from the person with parental responsibility for the child.
Sample size and recruitment
The sample size was based on the mean vertebral vTBMD and calcaneal broadband ultrasound attenuation standard deviation scores obtained from a previous cross sectional study. 12 The original grant was awarded on the basis of recruiting a total of 50 non-ambulant CP children (25 in the intervention group and 25 receiving the routine standing programme) in order to show a 10% difference in vertebral vTBMD with an a of 0.05 and 80% power. This effect size was arbitrarily chosen as the clinically important difference. After the start of the RCT, it became clear that the recruitment of the required number of subjects was not going to be possible from special education needs schools in the Greater Manchester area. Due to these recruitment difficulties the funding body and ethical committees granted our request to modify the original proposal to a pilot RCT.
Fifty nine potential subjects for the trial were identified by consultant community paediatricians and paediatric physiotherapists from three community health care Trusts in the Greater Manchester area. However, 21 of the parents approached declined to take part in the study, and a further 12 did not satisfy the inclusion criteria. Therefore 26 children, 14 boys and 12 girls, aged 7.32 (1.8) years (range 4.33-10.83) participated in the trial. Four children in the intervention group and two in the control group were receiving anticonvulsants during the trial; one child in each group was on baclofen. The children whose parents refused to participate in the RCT had similar characteristics to the participants. We therefore believe that the participants were representative of the general non-ambulant childhood CP population. The authors defined the standing programme as a monitored period of standing in a standing frame while participating in usual classroom activities. Such programmes are administered by a variety of upright or semi-prone standing frames with each child being assisted and secured into the standing frame. The optimum period of standing for each child was determined by their physiotherapist and during the trial, specifically appointed carers assisted physiotherapists to monitor the duration of standing period. Figure 1 shows the trial protocol. The RCT took place during one school academic year (nine months), between September 1999 and July 2000. The pre-trial duration of standing was determined for each subject over a six week period prior to the start of the trial and expressed as the mean standing period in minutes per week. Subjects were matched into pairs using baseline vertebral volumetric trabecular bone mineral density (vTBMD) standard deviation scores (SDS), calculated using the only available reference data collected in healthy 2-19 year old North American Caucasian subjects. 22 The trial statistician randomly allocated each child within the pairs to either the intervention (50% increase in the regular standing duration) or the control (no increase in the regular standing duration) group. The standing programme during the trial was specific for each subject. For those randomised to the intervention limb of the trial, the increased standing period was fitted around curriculum activities within each classroom; it was achieved by either increasing the duration during each standing session or the frequency of standing sessions. Throughout the trial, each child's daily standing duration was measured using digital timers and recorded in standing diaries. The mean standing period during the trial for each subject was expressed as percentage of their baseline or the pre-trial standing period (mean number of minutes of standing per week during the trial 4 mean number of minutes of standing per week prior to the trial 6 100).
Randomisation and the trial protocol
Nutritional analysis
Food intake was recorded using standardised three day (two weekdays and one weekend day) food diaries (n = 21) or food frequency questionnaires administered to parents by telephone (n = 5). The daily intake of calcium (mg) was estimated twice during the trial (pre-trial and at eight months) using the Comp-Eat v.5 for Windows Nutritional Software (CompEat Nutrition Systems, Closterworth, Grantham, UK). The mean calcium intake (mg/day) during the trial was expressed as a percentage of the United Kingdom recommended reference nutrient intakes (RNI) for the age and gender of the subject. 23 Length and weight estimations Length (cm) was estimated in the supine lying position using a steel tape measure. Accurate length measurements were not possible to measure due to contractures and mild scoliotic deformities of the spine. Weight (kg) was measured with outer clothes and shoes removed using the sit-down scales available at each school.
Outcome measures
The outcome measures of this trial were vertebral and proximal tibial vTBMD, expressed in mg/cm 3 , which were measured using the Philips Medical Systems 4000 SR Tomoscan spiral quantitative computed tomography (QCT) scanner (Philips Medical Imaging, Best, Netherlands), in conjunction with three dimensional (3D) QCT-Pro software (Mindways, San Francisco, USA). QCT is able to selectively assess the vTBMD at axial and appendicular skeletal sites without influence from body size, which is a major advantage of this technique when used to measure BMD in children. 24 The positioning and scanning was carried out with parents/ carers and staff assisting each child to lie still without the need for sedation. The total duration of scanning for each child was ,10 minutes. A single energy, low dose (120 kv; 50 mA) scanning technique was used and calibration was achieved by simultaneous scanning of a bone mineral reference calibration phantom consisting of varying concentrations of dipotassium hydrogen phosphate solution. The sites to be scanned were located by digital ''scout'' projection radiographs. A ''block'' of data consisting of up to 30, 3 mm contiguous slices, with approximately two seconds per slice, were obtained at each site. Vertebral TBMD (vTBMD) measurements were made at central portion of vertebral bodies, devoid of their cortical envelopes and neural arches. 25 The proximal tibial vTBMD was measured at a site rich in trabecular bone, distal to the tibia-fibular junction just below the tibial plateau away from the growth plate, using an inhouse protocol. Due to the relatively small size of the trabeculae compared to the size of a CT pixel, the apparent vTBMD at these sites reflects not only the amount of mineralised bone within trabeculae but also the amount of bone marrow per pixel. 26 27 The location of the region of interest, consisting of a cube of trabecular bone within digitally stored ''blocks'' of data from vertebral and proximal tibial sites, was undertaken manually. The root mean square precision (CV%) 28 of this operator dependent process was determined at these sites. The CV% for tibial vTBMD measurement was 2.1%, whereas that of vertebral vTBMD was 0.9%. The total effective radiation dose for the scans was 85 mSv; 55 mSv for vertebrae and 30 mSv for the tibia.
Blinding
Due to the overt nature of the intervention, only the investigators responsible for measuring and analysing vTBMD were ''blinded'' to which children were in the intervention and control groups.
Statistical analyses
Statistical analyses were carried out using Stata version 6.0 (StataCorp, 1999). The changes in measured vertebral and proximal tibial vTBMD (mg/cm 3 ) were assessed through a random effects model using the Stata command xtreg. The vertebral vTBMD data from the L2 vertebral body was used in the analysis, as good quality pre-and post-trial scans were available for this vertebra. Random variation was allowed for at the level of the individual child and matched pair (that is, allowing for the matched design). As specified in the original grant protocol, the model included the following individual level covariates (treated as a qualitative factor where appropriate): type of cerebral palsy, baseline standing duration, type of standing, and the baseline average daily calcium intake. The results were analysed on the basis of intention to treat, in which vertebral and proximal tibial vTBMD of all the subjects were analysed with the group to which they were randomised, whether or not they completed the trial protocol. Table 1 shows characteristics of the subjects. The mean age of subjects in the control group (7.31 (SD 2) years) was not different from that of subjects in the intervention group (7.32 (SD 1.8) years). In the control group the median standing duration (range) was 80.5% (9.5-102%) of the baseline standing duration. In the intervention group the median standing duration (range) was 140.6% (108.7-152.2%) of the baseline standing duration. Thus the net difference in standing period between the two groups was approximately 60%. Estimated daily calcium intake (mg/day) during the trial (% RNI) in the control and intervention groups were 790 (SD 273) [154% (SD 54%)] and 717 (SD 218) [138% (SD 35%)], respectively.
RESULTS
In one child in the intervention group, we were unable to obtain satisfactory follow up (post-trial) vTBMD measurements due to movement artefacts. The vertebral vTBMD in the intervention group showed an increase of 8.91 mg/cm 3 compared to the control group (95% CI 2.40 to 15.41; p = 0.007). The intention to treat analysis, including the subject in whom the post-trial vertebral vTBMD scan was unsuccessful (with his pre-trial vertebral vTBMD value carried forward), yielded a group difference of 8.16 mg/cm 3 (95% CI 1.93 to 14.39; p = 0.01). This represents a 6% mean increase in vertebral vTBMD in the intervention group. The proximal tibial vTBMD in the intervention group showed a change of 20.85 mg/cm 3 compared to the control group (95% CI 216.83 to 15.13; p = 0.92) when analysed using the same strategy as for the vertebral site.
DISCUSSION
To the best of our knowledge this is the first RCT investigating the benefits of a longer period of standing on BMD in non-ambulant children with CP. We used 3D QCT to selectively measure vTBMD at the proximal tibial and vertebral sites. An important advantage of QCT measured vTBMD is that it is independent of skeletal size, 24 which is important when assessing the BMD of children, whose bone size may vary with age, height, and weight. The main finding of this trial was that after allowing for the effects of prestated confounding variables, a longer period of standing resulted in a significant increase in the vertebral but not proximal tibial vTBMD. Chad et al observed a 5.6% increase in femoral neck volumetric BMD in nine children with spastic CP who were treated with load bearing physical activities for eight months, compared with a 26.3% change in the control group. 29 However, increased physical activity was not a treatment option for non-ambulant CP children that we studied. The results of the current RCT are diametrically opposite to those reported by Ward and colleagues, 30 who randomised a heterogeneous group of children with disabling conditions to standing on either active or placebo vibrating platforms, for 10 minutes per day, five times a week for six months. The active vibrating platforms generated low magnitude (0.3 G), high frequency (90 Hz) mechanical stimuli, whereas placebo platforms produce a 500 Hz audible tone, similar to that produced by active platforms. A highly significant net increase in tibial (15.72 mg/cm 3 ; 95% CI 6.57 to 24.87; p = 0.003) but not vertebral vTBMD was observed in children who stood on the active vibrating platforms.
The improvement in vertebral vTBMD shown by this trial need to be appreciated with respect to alternative treatments for improving BMD in children with CP. Bisphosphonates, which inhibit osteoclastic bone resorption, have been shown to increase vTBMD by 20-40% after 12-18 months of treatment in three non-ambulant children with CP. 10 In a small placebo controlled RCT, Henderson et al observed that the distal femoral metaphyseal BMD increased by 89% (SD 21%) in six children with quadriplegic CP treated with intravenous pamidronate for 18 months, compared with a 9% (SD 6%) increase in the placebo group. 31 The important question to consider is whether the observed increase in vertebral vTBMD would translate into increased bone strength, and more importantly, decreased fracture risk. This question can only be answered by a long term cohort follow up study of increased duration of standing in CP children, with the cumulative incidence of fractures included as one of the trial outcome measures. However, we can speculate about the potential beneficial effects of the observed increase in vertebral vTBMD by comparing our results with those of studies in adults and in laboratory animals that have looked at the association between increase in vertebral BMD and bone strength, or reduction in the incidence of osteoporotic fractures. In ovariectomised baboons treated with the aminobisphosphonate alendronate, the vertebral compressive strength of vertebrae increased with the square of BMD. 32 Thus a small increase in vertebral BMD results in a much greater increase in vertebral biomechanical strength. Treatment of postmenopausal women with risedronate, an oral bisphosphonate, for three years resulted in a 5.4% increase in vertebral bone density and a 41% reduction in the incidence of new vertebral fractures. 33 Thus, it is plausible that the increase in vertebral vTBMD due to longer periods of standing in non-ambulant children with CP would result in increased bone strength and lower risk of vertebral fractures. Vertebral fractures in these children tend to occur insidiously, often presenting as kyphosis.
Lack of improvement of proximal tibial vTBMD in response to longer periods of standing suggests that this intervention is not likely to reduce the incidence of metaphyseal and submetaphyseal fractures in non-ambulant children with CP. The most common site of low trauma fracture seen in these children is in the diaphysis of long bones. The bending strength of a long bone diaphysis increases as the cortical bone mass is distributed further away from the centre of the bone shaft. 34 Therefore, improvement in the strength of the diaphysis of long bones would require an intervention or treatment that caused an increase in the bone diameter through periosteal and endocortical expansion. These outcomes were not studied as part of this RCT, which was specifically designed to measure vTBMD at the proximal tibial and vertebral sites.
In summary, the results of this pilot RCT suggest that a longer period of standing leads to a significant increase in vertebral but not proximal tibial vTBMD in non-ambulant CP children. As BMD is a surrogate for bone strength, 5 7 we believe that this intervention might reduce the risk of vertebral fractures in mobility impaired children with CP. However, from the results of this trial we conclude that longer duration of standing is not likely to reduce the risk of lower limb long bone fractures in children with CP. Therefore, on present evidence, a longer period of standing cannot be recommended for the prevention of long bone fractures in non-ambulant children with CP. Further RCTs of physical or pharmacological treatments with fracture prevention as the primary end point are required in this group of subjects.
